This paper presents the results of experimental and theoretical studies on the flexural capacity of 4 reinforced concrete (RC) beams strengthened using externally bonded bi-directional glass fibre 5 reinforced polymer (GFRP) composites and different end anchorage systems. A series of nine RC 6 beams with a length of 1600mm and a cross-section of 200mm depth and 100mm width were prepared 7 and externally strengthened in flexure with bi-directional GFRP composites. These strengthened 8 beams were anchored with three different end anchorage systems namely closed GFRP wraps, GFRP 9 U-wraps, and mechanical anchors. All these beams were tested with four-point bending system up to 10 failure. The obtained experimental results demonstrate a significant increase in the flexural 11 performance of the GFRP strengthened beams with regard to the ultimate load carrying capacity and 12 stiffness. The experimental results also show that GFRP strengthened beams with no end anchorages 
INTRODUCTION 24
A significant number of reinforced concrete (RC) structures are required to be retrofitted due to 25 one or combination of several factors including constructions faults, original design limits, alterations 26 in usage, excessive loading, and natural disasters or aggressive environmental conditions. The 27 conventional strengthening techniques such as external steel plate bonding method, section 28 enlargement, and external post-tensioning system have been used to extend service life and retrofit the 29 damaged reinforced concrete structures. However, in recent decades, the application of externally 30 bonded fibre reinforced polymer reinforcement has been an extensively used technique for retrofitting 31 the damaged reinforced concrete structures due to its potential advantageous characteristics that 32 include high strength-to-weight ratio, high stiffness and ease of installation without any external 33 supports (Hollaway 2010; Teng et al. 2002) . 34
Page 1 of 24 International Journal of Structural Integrity   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   I  n  t  e  r  n  a  t  i  o  n  a  l  J  o  u  r  n  a  l  o  f  S  t  r  u  c  t  u  r  a  l  I  n  t  e  g  r  i  t  y 155GPa. Out of seven specimens, three were anchored with mechanically fastened steel plates of 1 203mm width over the FRP plate ends. A clamping force of 15-25kN was then applied to two bolts 2 which are torqued to 0.4kNm. The experimental results have shown that the combination of adhesion 3 and clamping could enhance the FRP anchorage capacity as expected because both diagonal and 4 transverse wraps anchored the flexural CFRP to a strain increase of 58% and 43% of the rupture 5 strain. The result also demonstrated that the improved ultimate strain of the anchored plates was up to 6 1.14%, (i.e.) 60% of the rupture strain, as a result of adhesion and clamping. However, the authors 7 also concluded that the mechanism of failure was debonding of CFRP laminate usually initiating from 8 diagonal or transverse shear cracking zone. 9
A new hybrid system comprising mechanically fastened (MF-FRP) system and common 10 externally bonded (EB-FRP) systems was investigated by Wu and Huang (2008). The experimental 11 program consisted of beam specimens strengthened with 2, 4 and 6 layers of CFRP strips. The hybrid 12 system failed by two apparent failure patterns namely, the CFRP rupture at mid-span in beams 13 strengthened with 2 and 4 layers FRP strips, and the total debonding of CFRP strips which occurred in 14 beams strengthened with 6 layers of CFRP strips. The results showed that beams mechanically 15 fastened with 4 and 6 layers of FRP sheets exhibits higher flexural strength than the beams 16 strengthened with 2 layers of CFRP and no fasteners. The authors further concluded that the use of 17 hybrid plate bonding system could significantly improve the flexural capacity and bond strength in 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   I  n  t  e  r  n  a  t  i  o  n  a  l  J  o  u  r  n  a  l  o  f  S  t  r  u  c  t  u  r  a  l  I  n  t  e  g  r  i  t  y In This paper, the influence of the number of bi-directional GFRP layers and different end 1 anchorages on flexural capacity of strengthened reinforced concrete (RC) beams is investigated. The 2 investigation covers two parts. The first part includes a detailed experimental investigation to study the 3 influence of different end anchorage systems on the ultimate load carrying capacity and failure 4 mechanism of RC beams strengthened externally with bi-directional GFRP reinforcement. Campus. A total of nine beams were cast with four different batches of concrete and were cured for 28 26 days before testing. Four concrete cube specimens of 100mm×100mm×100mm size were also 27 prepared for each batch to determine the compressive strength of concrete cube at the age of 28 days. 28
The results of compressive strength of concrete cubes are presented in Table- All the beams were reinforced externally with bi-directional GFRP reinforcement with two-1 component epoxy resin. As recommended in the manufacturer's manual, the bi-directional GFRP 2 sheet was applied using manual wet layup technique with a resin and hardener mix ratio of 1:2. The 3 material properties of bi-directional GFRP reinforcement and epoxy resin are presented in Table-2 . 4
Specimen Description 5
The first specimen was retained as control beam with no external bi-directional GFRP 6 reinforcement which is labelled as CB, and the remaining eight specimens were divided into four 7 series. Two beams, within each series, were bonded externally with 1 and 2 layers of bi-directional 8 GFRP reinforcement along the soffit of the beams. The specimens in first (i.e. FSB-CA1 and FSB-9 CA2) and second (i.e. FSB-UA1 and FSB-UA2) series used closed and U-wrap anchorages with 2 10 layers of bi-directional GFRP (i.e. 100 mm width) strip bands at the ends of flexural reinforcement, 11 respectively. The third series, labelled as FSB-SA1 and FSB-SA2, were anchored with 100mm x 12 100mm x 2mm steel plate at the ends of GFRP reinforcement and the specimens in the fourth series 13 with 1 and 2 layers of flexural bi-directional GFRP reinforcement were designated as FSB-C1 and 14 FSB-C2 with no plate end anchor, respectively. The outline of the test beams is presented in Table-3  15 and illustrated in Figures-2(a) through (e). 16
Test Procedure 17
A schematic diagram of the experimental set-up of the reinforced concrete beam is shown in 18
Figure-3. All the beam specimens were subjected to four-point bending test. Prior to testing, the beam 19 specimens were painted white for ease of identification of cracks. A 30 tonnes capacity testing frame 20 was used to perform the four-point bending test. The load was applied using the hydraulic jack at 21 equal interval until failure. The dial gauge was placed at the centre of the beam to measure the mid-22 span deflection. The crack patterns of the beam specimens at different stages of loading were 23 observed. 24
RESULTS AND DISCUSSION 25

Load Deflection Curve 26
Control Beam (CB):
The applied load-deflection behaviour of the control beam is illustrated 27
in Figure- yielding of steel reinforcement at a peak load of 101.05kN and a maximum deflection of 44.81mm. 1 Moreover, the beam achieved a ductile behaviour beyond yield point up to the failure load. Figure strengthened externally with 1, and 2 layers of bi-directional GFRP reinforcement and these beams 5
were anchored with two layers of closed GFRP strips with a width of 100mm. The applied load-6 deflection behaviour of the control and strengthened beams is shown in Figure-6 . The ductility of bi-7 directional GFRP strengthened beams with closed GFRP anchorage strips was relatively less as 8 compared to the control beam CB. These specimens FSB-CA1 and FSB-CA2 exhibited similar 9 stiffness trend before yielding of steel reinforcement despite the fact that the beams were bonded with 10 different GFRP layers and identical anchoring system. From Figure- 
FSB-CA2. 23
Second Series: Beams in the second series, designated as FSB-UA1 and FSB-UA2 (i.e. 24 bonded with 1 and 2 layers of GFRP reinforcement), were anchored with two layers of bi-directional 25 GFRP U-strips of 100mm width. The load-deflection curve for FSB-UA1, FSB-UA2, and CB beams 26 is shown in Figure- 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Figure-14 it is clear that the GFRP strengthened beams with additional GFRP closed end 2 anchorages, sustained higher loads and achieved excellent performance regarding flexural capacity 3 and stiffness than the GFRP strengthened beams without end anchorages. The experimental results are 4 summarised in Table-4 . 5
Ultimate Moment Capacity 6
The percentage increase in ultimate moment capacity of all the bi-directional GFRP strengthened 7 beams over the control beam are presented in Table- or GFRP strips to RC beams strengthened in flexure enhanced the ultimate moment capacity of the 24 beams. However, the moment capacity increase for the GFRP strengthened beams was observed to be 25 within the strength increase of up to 40% as recommended by ACI 440 committee (2008) . 26
Ductility 27
Ductility of RC beam can be defined as its ability to deform under loading prior to total 28 collapse without loss in ultimate load carrying capacity (Spadea et al., 2015) . 29
The ductility of the investigated GFRP strengthened beams decreased as compared to that of 30 the control beam. Ductility is determined by considering the deflection or curvature of the beam. This 31 study only focused on deflection ductility (ߤ ఋ ). The deflection ductility is defined as the ratio of 32 ultimate deflection (ߜ ௬ ) to yield deflection (ߜ ௨ 23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Table-6 presents the calculated ductility index (μ ஔ ) and the ductility ratios of all the bi-2 directional GFRP strengthened beams to that of the control beam. These results confirmed that 3 strengthening of RC beams with externally bonded bi-directional GFRP reinforcement resulted in 4 significant loss in ductility of the strengthened beam. The deflection ductility ratio of all the 5 strengthened beams was found to be 43%-54% of that of the original control beam. It is also observed 6 that the ductility ratio of GFRP strengthened beams with anchorages, except the beam FSB-SA1, was 7 relatively lower than that of GFRP strengthened beams without anchorages. The decrease in ductility 8 was because the anchorage system at the ends controls the bond slip between the concrete and flexural 9 GFRP reinforcement. Beam FSB-SA1 experienced the largest ductility index of 2.97. This indicates 10 that the presence of steel anchorage has an insignificant effect on the ductility of the tested beams and 11 result in only 2% increase in ductility index over beam FSB-C1. Figure-16 illustrates the ductility 12 ratios of the bi-directional GFRP strengthened and the control beams. 13
THEORETICAL EVALUATION 14
According to with ACI Committee 440 Report, (2008), the ultimate moment resistance of RC 15 beams strengthened with FRP reinforcement can be determined using strain compatibility method and 16 equilibrium equation. Figure-18 shows the internal stress, and strain distribution of a singly reinforced 17 concrete beam section strengthened in flexure with FRP. The ultimate moment resistance (M ୳ ) of the 18 section can be computed using Equation (2). 19 The ultimate theoretical moment of resistance (M u ) for all the bi-directional GFRP 30 strengthened beams are computed using Equation (2) by considering the debonding strain (ε ୢ ) 31 adopted by the relevant design guidelines. 32 
where, f ୡ ᇱ is the compressive strength of concrete; ߝ ௨ is the rupture strain in FRP; ‫ݐ‬ is the thickness 6 of FRP strip; and n is the number of FRP layers. 7
FIB Bulletin 14, (2001) Recommendations 8
The design guidelines of FIB Bulletin 14, (2001) give a design formula for predicting the total 9 debonding strain base on fracture mechanics approach. The debonding strain is predicted as follows: 10
(4a) 11
where, ߙ= reduction factor approximately equal to 0.9, to account for the influence of inclined cracks 15 on the bond strength (α = 1 for beams with sufficient internal and external shear reinforcement and in 16 slab); c ଵ and c ଶ can be obtained through calibrations with test results are assumed to be 0.64 and 2; 17 k ୡ is a factor accounting for the state of compaction of concrete (k ୡ can generally be assumed to be 18 equal to 1, however for FRP bonded to concrete faces with low compaction e.g. faces, not in contact 19 with formwork during casting, k ୡ = 0.64); and k ୠ is a geometry factor and is given in Equation (4d) 
Japan Society of Civil Engineers (JSCE) Design Guidelines 22
The JSCE, (1997) recommends a design equation for predicting the total debonding strain (ε ୢ ) 23 of continuous FRP sheets by interfacial fracture energy. According to JSCE, the debonding strain can 24 be calculated from Equation (5) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   I  n  t  e  r  n  a  t 
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